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Introduction

Physics of bound states of heavy particles and threshold phenomena best
described within an effective field theory — Non-Relativistic QCD (NRQCD)
and potential Non-Relativistic QCD (pNRQCD)
Prominent applications are

@ production of tf pairs at threshold at a future linear collider

@ decays of bb bound states

@ bb sum rules

@ positronium spectra



Matching Coefficient of the Vector Current
Matching Procedure

Chain of effective field theories: QCD — NRQCD — p(otentia)NRQCD



Matching Coefficient of the Vector Current
Matching Procedure
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Matching Procedure

Chain of effective field theories: QCD — NRQCD — p(otentia)NRQCD

QCD vector current NRQCD vector current

= ava Ji = ooty

; ~ 1
i=cji+0 <W)
c, can be extracted by calculating vertex corrections involving j, and j,

Z2rv = Cv222v_1rv + -
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Setup of the Calculation

@ Feynman diagrams generated using QGRAF iogueiral

@ mapped onto 78 topologies using Q2E /EXP (Harlander seidensticker Steinhauser]

@ Feynman integrals reduced to master integrals with CRUSHER (pu seidei
@ master integrals in different topologies have to be identified

® (O(100) master integrals calculated analytically/numerically using various
techniques, e.g. sector decomposition implemented in FIESTA ismimov

@ numerical errors added in quadrature
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OB
e, ~ 1-2667— + jr [~44.551 + 0.407n/]

™

™

3
+ (as ) [—2091(2) + 120.66(0.01) n; — 0.823 n,2]
+singlet terms
@ large NNNLO correction

@ but, on its own not a physical quantity
@ preliminary results confirm that singlet terms are small



Matching Coefficient of the Vector Current

Checks

@ Renormalization constant Z, of the NRQCD current can be reproduced

@ Z, analytically known, 1/e part numerically small
@ agreement within the error estimate at the percent level



Matching Coefficient of the Vector Current

Checks

@ Renormalization constant Z, of the NRQCD current can be reproduced

@ Z, analytically known, 1/e part numerically small
@ agreement within the error estimate at the percent level

@ Gauge independence: terms linear in £ vanish



Matching Coefficient of the Vector Current

Checks

@ Renormalization constant Z, of the NRQCD current can be reproduced

@ Z, analytically known, 1/e part numerically small
@ agreement within the error estimate at the percent level

@ Gauge independence: terms linear in £ vanish
@ Change basis of master integrals and compare



Matching Coefficient of the Vector Current

@ Renormalization constant Z, of the NRQCD current can be reproduced

@ Z, analytically known, 1/e part numerically small
@ agreement within the error estimate at the percent level

@ Gauge independence: terms linear in £ vanish
@ Change basis of master integrals and compare

default basis | alternative basis
CrrF 36.55(0.11) 36.61(2.93)
Crra —-188.10(0.17) | —188.04(2.91)
CFAA —-97.81 (0.08) —97.76(2.05)
c® (n=4) | —1621.7(0.4) —1621(23)
c® (n,=5) | —1508.4(0.4) —1507(23)
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Framework

@ Calculated in the framework of pPNRQCD
@ Master formula

r(rT(1S) — ¢te7)

4o’ E a,
= gw—o%) 1(0)% e [Cv - #b <Cv + é) +.. }

[Beneke,Kiyo,Schuller]

@ Wave function ) and binding energy E; calculated in pNRQCD

[Beneke,Kiyo,Penin,Schuller]
@ Matching coefficients ¢, and d, as discussed before

@ First test of perturbative bound-state dynamics where all scales (hard,
soft, ultrasoft) are present
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Perturbative Corrections — Pole scheme

F(T(1S) = £707 ) pote

25a2a3m,
35

+a2 (9.05 —7.441nas—13.95L +10.55 1_2)

[1 + as (—2.003 + 3.979 L)

+02(—0.91 + 4.784, + 22.075,.+30.22;,
—134.8(1)q, — 14.33 Inas — 17.36 In? as
+(62.08 — 49.32 Inas) L — 55.08 L2 + 23.33 L3) + 0% ]

2501 asmb

S50 |1+ 116605 + 15.20% + (66.5 + 4.8,

+22.15,.4+30.2;, — 134.8(1)5,) o3 + O(a‘;)]

250203 my

55 [1+0.28+088-0.16] = [1.04£0. 04(avs) T3 %5 ()] keV
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Perturbative corrections — PS scheme

F(T(1S) — 107 )|ps

- ( (1 S) - €+€7)|pole,mb—>mgs
2505 Oésmgs Lof
35 miSa

[0.42a§ +a3(—1.78+028L,+1.69L) + O(o/;)}

25 mPS
= SO0 (4 4 152806 +16.302 + (74.7 + 4.8,

35
+22.15,+30.2¢, — 134.8(1),, ) a3 + O(a?)]
2%a2ad3ms

= “—g5 - [1+0.37+0.95 - 0.04] = [1.08 = 0.05(ars) 35 (11)] keV
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Results — i dependence

1.6
T 4 @ NNNLO contribution of
X .
= 12y moderate size
! .
1y @ improved scale
™ o8t dependence
7 06} @ no apparent
= 04 convergence below
= oo} n 5 3GeV
0

@ choose p € [3,10] GeV
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Results — a5 dependence

2 T y
18| PS o4 0 T(T(18) = £+ )ps =
S ol /// [1.08(5) 3% keV
= 14t Y s w € [3,10] GeV
. e
L2 2 = o F(T('I S) — £+£7)exp =
Ao 1.340(18) keV
o th dicti I
== ||lll"!!'!=;=; @ theory prediction we
€ s below exp. value
~ g .
= 02 @ sizeable

T 0115 0.2 0.125 0.13 non'Pertlﬁlrbat've

o, (My) contribution?
] z
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Non-perturbative contribution

@ Non-perturbative contribution from gluon condensate

2 _ 10 2 2 _ ﬂ
w91 (O)F = WAP(O)F X 17.64m°K, K = s

[Pineda; Voloshin]
With (2sG?) = 0.012 GeV* and a(3.5GeV)
= 5HPFM(T(1 S))po]e = 1.67 keV and 5nprgg(T(1 S))PS =2.20 keV
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Non-perturbative contribution

@ Non-perturbative contribution from gluon condensate

2 _ L0 2 2 — <%Gz>
Snp[01(0)|” = [¥17(0)] x 17.547°K, K—W

[Pineda; Voloshin]
With (2sG?) = 0.012 GeV* and a(3.5GeV)
= 5HPFM(T(1 S))po]e = 1.67 keV and 5nprgg(T(1 S))PS =2.20 keV
@ Obtain K by comparing with mass extraction

62472

Myasy =2mp + E7 + 425 mp(asCr)? K,
SMfys) = Mrgs) — (2m5 + EP™) ~ [125 + 16(as) + 34(ms) 55 (1) MeV
40P 17.54 x 425
bl w(T(18)) = =557 220 oMY

9 3744
[1.287% 5 (cvs) £ 0.42(mp) 520 (1) + 0.12(m)] keV .

Q
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Conclusions

@ Calculated the matching coefficient for the vector curret between QCD
and NRQCD at NNNLO

@ Large NNNLO correction

@ All building blocks are now available for a complete NNNLO description of
bould state and threshold physics
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Conclusions

@ Calculated the matching coefficient for the vector curret between QCD
and NRQCD at NNNLO

@ Large NNNLO correction

@ All building blocks are now available for a complete NNNLO description of
bould state and threshold physics

@ Application: decay of T(1S)
for top pair production see talk by M. Steinhauser

@ Perturbative corrections well under control
@ Non-perturbative corrections sizeable and difficult to quantize
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